, absence of FMRP may also affect the normal mono CF innervation of adult P-cells. Thus, to investigate the possibility that cerebellar deficits contribute to Fragile X syndrome, we tested the cerebellar learning capabilities of global and P cell-specific Fmr1 knockout mice as well as those of Fragile X patients using classical eyeblink conditioning procedures. In addition, we investigated whether such behavioral deficits might be correlated to morphological and/or cell physiological abnormalities of the PF and CF input to P cells.
Results

Eyeblink Conditioning Is Affected in Both Global
Fmr1 Null Mutants and Purkinje Cell-Specific L7-Fmr1 Knockouts To find out whether a lack of FMRP can cause deficits in cerebellar eyeblink conditioning, we first subjected global Fmr1 null mutant mice (n = 10) and wild-type wild-types and global Fmr1 null mutants were significantly reduced (in both cases, p < 0.01, Student's t tests). Moreover, when the conditioned stimulus (CS) and unconditioned stimulus (US) were randomly paired, sitivity to the US among Fmr1 null mutants and wildtypes contribute to the differences in CRs. virtually no CRs were observed. Finally, to determine possible effects of a lack of FMRP on the eyeblink reBecause the eyeblink paradigm in mice is largely controlled by the cerebellum (Koekkoek et al., 2003) , flex itself, we further analyzed the kinetics of the unconditioned responses (URs). The amplitudes (0.68 ± 0.03 the data described above suggest that a lack of FMRP in cerebellar neurons is at least partly responsible for mm) and peak velocities (44.9 ± 2.07 mm/s) of the URs in the mutants were not significantly different from the behavioral deficits. We therefore investigated to what extent the abnormal conditioning behavior can be those (0.73 ± 0.03 mm and 47.3 ± 2.04, respectively) in wild-types (p > 0.25 for both comparisons; Student's t explained by a lack of FMRP specifically in P cells, which form the main site of integration for the PF and tests). Thus, it appears unlikely that differences in sen- increased during all sessions in the global Fmr1 musions and both control groups; p < 0.05, Student's t tants, but not in the P cell-specific L7-Fmr1 mutants tests) ( Figure 1A) . Moreover, the positive CRs showed (p < 0.05, MANOVA). These differences between the significantly lower amplitudes and velocities on days global and P cell-specific mutants suggest that a lack T-3 and T-4 (for both parameters, p < 0.05, Student's t of FMRP in regions outside of the cerebellum can entests; Figures 1B and 1C) , while the timing properties hance the startle response, and therefore follows the were unaffected (latency to onset: 115 ± 18 ms in munotion that startle responses are controlled primarily by tants versus 111 ± 8 ms in wild-types; p > 0.7, Student's higher brain structures such as the amygdala (Paradee t test; latency to peak amplitude: 296 ± 17 ms in muet al., 1999). In addition, these differences once again tants versus 302 ± 17 ms in wild-types; p > 0.6, Stuillustrate the sensitivity and specificity of the magnetic dent's t test 72.5% ± 1.1% (n = 5), which was relatively modest.
or postsynaptic deficit, and their development does not Nevertheless, it was still enhanced compared to the deshow any sign of a delay; in contrast, the normal develpression of 81.8% ± 0.9% (n = 4) (p < 0.01, ANOVA) opment from multiple to mono-CF innervation is acobtained in wild-type mice with the same double celerated. shock protocol.
Finally, to investigate whether the enhancement in To find out whether the difference in LTD induction LTD induction is due solely to an intrinsic abnormality between wild-types and global mutants is specific to of P cells or whether it results from an interactive proconjunctive stimulation, we also tested the effect of recess between P cells and their surrounding neurons, petitive stimulation of PFs only at 1 Hz for 5 min. Inwe also investigated LTD of the PF-P cell synapse in deed, this stimulus paradigm induced depression to cerebellar slices of the P cell-specific L7-Fmr1 mutants.
75.6% ± 2.5% of the baseline values in global Fmr1
Here too, conjunctive stimulation induced LTD in both mutants, while it did not cause a significant reduction the P cell-specific L7-Fmr1 mutant mice (n = 6) and the in PF-EPSCs of P cells in wild-types. In these experifloxed controls (n = 7), as represented by a significant ments too, the difference between wild-types and mureduction in PF-EPSC (in both cases, p < 0.01, Stutants was greatest 20 min after onset of the tetanus dent's t tests) ( Figure 4D junctive stimulation was no more than 3% on average The differences in LTD induction between global muin the cells used for analyses (seven control and six tants and wild-types raise the question of whether the mutant cells). During the period from 21 to 35 min after general synaptic efficacy of the PF-P cell synapse is the onset of conjunctive stimulation, the mean amplialso affected in Fmr1 mutants. We therefore investitude of the PF-EPSCs was significantly more reduced gated the relationships between stimulation strength in L7-Fmr1 mutant mice (72.9% ± 1.3%) than in controls and PF-EPSC amplitude; paired-pulse facilitation of (83.2% ± 0.8%) (p < 0.01; Duncan New Multiple Range PF-EPSCs, facilitation, and fatigue of PF-EPSCs; maxiTest). Thus, the enhancement in LTD induction found in mum amplitude of metabotropic glutamate receptor global Fmr1 mutants was also found in P cell-specific type 1 (mGluR1)-dependent slow PF-EPSCs, thresh-L7-Fmr1 mutants, indicating that the difference with the olds, and maximum firing rate of Na + -spikes; and maxiwild-types can indeed be attributed to an intrinsic efmum Ca 2+ current and density of voltage-dependent fect of the P cells themselves. Ca 2+ channels in P cells. None of these parameters differed between global Fmr1 mutants and wild-type litMorphology of Purkinje Cells termates (see Table 1 drites with an average diameter smaller than 1.5 m mutants (n = 7) were indistinguishable from those in were 1.22 ± 0.30 spines/m (mean ± SD) and 1.18 ± wild-types (n = 7) (p > 0.4 and p > 0.16, respectively, 0.27 spines/m (mean ± SD) in Fmr1 null mutants (n = Student's t tests). The paired-pulse depression of the 7) and wild-types (n = 7), respectively. Likewise, the CF-EPSCs was 81.7% ± 1.8% in P cells of the mutant spine density in dendritic fragments with an average mice compared with 77.5% ± 2.3% in the wild-type diameter bigger than 1.5 m (proximal category) was mice. In regard to the number of CF inputs per P cell, 1.26 ± 0.27 spines/m (mean ± SD) in Fmr1 null muwe found that 60.4% of the P cells (n = 48) in wild-types tants and 1.22 ± 0.20 spines/m (mean ± SD) in wildtested at P21-48 showed a single-CF innervation, while types. Thus, unlike the pyramidal cells in cerebral cortidouble-and triple-CF innervations were observed in cal areas, the spine density of cerebellar P cells in Fmr1 35.4% and 4.2% of the cases, respectively. In mutant null mutants did not differ significantly from that in their mice, single-, double-, and triple-CF innervations were wild-type littermates (distal versus distal, p > 0.5; proxiobserved in 75.6%, 22.2%, and 2.2% of the P cells (n = mal versus proximal, p > 0.5; total versus total, p > 0.5; 45) tested, respectively. The percentage of single-CF Student's t tests). innervation was in fact higher in the mutants than in the In contrast, the shape of the spines of P cells in Fmr1 wild-types (p < 0.01, χ 2 test). Thus, the CF input to P cells in Fmr1 mutants does not show any sign of a prenull mutants differed from that in wild-types. Electron heads and necks were due to intrinsic changes of the P cells rather than an interaction with the environment, we also investigated the P cell spines in the L7-Fmr1 mutant mice at the ultrastructural level ( Figure 6B ). The average lengths of the spine head and spine neck in L7-Fmr1 mutants (0.57 ± 0.07 m and 0.70 ± 0.1 m, respectively; n = 4) were significantly greater than those in the floxed controls (0.45 ± 0.05 m and 0.42 ± 0.08 m, respectively; n = 4) (p < 0.05 and p < 0.02 for heads and necks, respectively; Student's t tests) ( Figure 6C ). No differences were observed in the densities of the spines (p > 0.4; Student's t test). Thus, similar to the global mutants, the P cell-specific L7-Fmr1 mutants showed longer spines in which the necks were particularly elongated, while the number of spines appeared normal. Wilcoxon rank-sum test). In addition, the remnant responses showed a reduction in amplitude (for wildtypes and global Fmr1 mutants: 42% ± 9% and 25% ± microscopic analysis of calbindin-stained P cells showed that their spines were more irregular and longer 8%, respectively) and latency to peak amplitude (for wild-types and global Fmr1 mutants: 35% ± 1% and ( Figure 6A ). The average lengths of the spine head and spine neck in Fmr1 null mutants (0.56 ± 0.05 m and 30% ± 8%, respectively) ( Figure 7C ). Both changes were significant for both wild-types and Fmr1 mutants 0.63 ± 0.18 m, respectively; n = 4) were significantly greater than those in wild-types (0.50 ± 0.04 m and (for all comparisons, p < 0.05, Wilcoxon rank-sum tests). While percentages of CRs and CR amplitude val-0.46 ± 0.15 m, respectively; n = 4) (p < 0.05 and p < 0.001 for heads and necks, respectively; Student's t ues were significantly different between wild-types and null mutants after training session T-4 before the lesion tests). The spine head diameter, spine head length/ spine head diameter ratio, average spine neck diame-(p < 0.05 and p < 0.05, respectively; Student's t tests), these differences disappeared after the lesions (p = ter, and minimal spine neck diameter of Fmr1 null mutants were not significantly different from those of 0.25 and p = 0.3, respectively; Student's t tests). The results of these experiments confirm that the main difwild-types (for all parameters, p > 0.2, Student's t tests). Finally, electron microscopic analyses of the spine denferences in eyeblink conditioning parameters, such as the changes in peak amplitude and peak velocity that sities did not reveal any difference, either, between mutants and wild-types (p > 0.6; Student's t test).
Eyeblink Conditioning Following Lesions of Cerebellar Nuclei in Trained Animals
we observed between unlesioned Fmr1 mutants and their wild-type littermates, are largely due to a direct To find out whether the differences in lengths of spine difference in cerebellar control; in addition, they sugconditioned to a tone. The patients showed severe deficits (Figure 8 ). The peak amplitude (0.14 ± 0.03 cm) and gest that these differences are not due to secondary developmental aberrations downstream of their P cells. peak velocity (3.3 ± 0.7 cm/s) in affected Fragile X males were, on average, significantly lower (p < 0.001 and p < 0.001, respectively; Student's t test) than those Eyeblink Conditioning in Fragile X Patients The data described above indicate that an animal in normal subjects (0.54 ± 0.06 cm and 10.0 ± 1.5 cm/s, respectively). When separated according to trainmodel of Fragile X syndrome shows deficits in eyeblink conditioning and that this deficit is probably due largely ing session (T1, T2, T3, and T4), peak amplitudes in Fragile X patients were significantly smaller than those to a lack of FMRP in cerebellar P cells. To find out whether a lack of functional FMRP in humans leads to in controls after T2, T3, and T4 (for T2 and T3, p < 0.05; for T4, p < 0.005; Student's t tests), while peak velocithe same deficits in cerebellar motor learning, we tested affected males (n = 6) and controls (n = 6), using ties in Fragile X patients were significantly smaller after T3 and T4 (in both cases, p < 0.05, Student's t tests). an eyeblink conditioning task in which the eyelids are The present study shows that cerebellar abnormalities in Fragile X syndrome can occur at the morphological can, by diminishing deinactivation of T-type Ca 2+ channels, reduce the number of neurons that are available for level, cell physiological level, and behavioral level. We found that a lack of FMRP results in a unique phenotyppostinhibitory rebound); (6) increased LTD in Fragile X results in reduced P cell activity and decreased inhibition ical combination of elongated P cell spines, enhanced LTD at the PFs that innervate these spines, and an imof cerebellar nuclei neurons at the resting level; and (7) the motor response during a CR is determined by the paired motor learning capability that is controlled by P cells. This unique combination reveals not only the exinstantaneous firing rate of a subpopulation of neurons in the cerebellar nuclei (Gruart et al., 1997) . The details tent to which cerebellar deficits may contribute to abnormalities in Fragile X syndrome but also possible and formulas of the model are presented in the Supplementary Data (see Part II) and outlined in Figure 9 . In clues about cerebellar function in general. The abnormalities of dendritic spines that we obshort, the model demonstrates that a change in balance between excitation and inhibition in the cerebellar served in cerebellar P cells of both the global and cellspecific Fmr1 null mutants mimic only partially those nuclei neurons, resulting from enhanced LTD at the in both the hippocampus and cerebellum in that a lack of FMRP causes enhanced homosynaptic LTD without One of our major findings is that a lack of FMRP leads to enhanced PF LTD without affecting the basic affecting basic electrophysiological properties, one would expect that the specific behavioral consequence electrical properties of P cells. Interestingly, this difference between Fmr1 mutants and their wild-type conof such a unique defect is prominently present. Unfortunately, the hippocampal deficits that can be observed trols, which has not been described for any other cerebellar mutant before, occurs about 15 min after the in ferential equations (see Supplemental Data) were integrated with the forward Euler method. In population models like the present Cytology of Purkinje Cells one, there is an unavoidable lack of data to constrain all parameThe morphology of P cells was investigated, using BDA injections ters. We therefore confirmed that the main finding, i.e., the critical or immunocytochemistry against calbindin. BDA injections (10% in dependence of the CR amplitude on the steady-state level of activ-0.1 M phosphate buffer) were made following electrophysiological ity in P cells and neurons of the cerebellar nuclei, can be reproidentification of the cerebellar nuclei. After the iontophoretic injecduced in models sharing these features: the instantaneous retions, the animals were allowed to recover for 5 days and then were sponse of cerebellar nuclear neurons is dominated by rebound subsequently anesthetized (Nembutal; 50 mg/kg) and perfused discharges, the rebound discharge depends on the level of inhibiwith 4% paraformaldehyde in 0.1 M phosphate buffer. The brains tion, and the pool of neurons available for disinhibition, or the overwere removed and cut in sagittal sections, which were reacted with all rebound response, can be exhausted. ABC complex and diaminobenzidine to visualize the BDA. Calbin- 
